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minimizing animal variability. NMR measurements of metabolite content are then
used in conjunction with histologic evaluations of neuronal death to assess which
metabolic factors have the strongest influence on ischemic damage. During the past
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phosphocreatine (PCr), adenosine triphosphate (ATP), inorganic phosphate (P), pH
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I INTROOUCTION

The purpose of this grant is to investigate the metabolic and physiological factors
determining the extent of ischemic damage in a model of brief repetitive ischemia. The model
is intended to simulate the effects of Gz induced blackout experienced by fighter pilots
undergoing high gravitational stress maneuvers. To achieve this goal a rat model was developed
whereby ischemia could be induced remotely (under computer regulation) by inflation of
occlusive cuff lbout the common carotid artery of the rat. Metabolic parameters were
determined by performing in vivo NMR measurements throughout the repetitive ischemic insult.
The non-destructive nature of the NMR measurement permits complete time courses to be
monitored in each animal thereby minimizing animal variability. NMR measurements of
metabolite content are then used in conjunction with histologic evaluations of neuronal death to
assess which metabolic factors have the strongest influence on ischemic damage.

During the past year we have completed our studies: a) investigating the correlations
between EEG, phosphocreatine (PCr), adenosine triphosphate (ATP), inorganic phosphate (P1),
pH and lactate as a function of increasing ischemic severity in our model of brief repetitive
ischemia and b) characterizing substrate utilization and lactate clearance curves using the same
model. These experiments have been performed in the rat brain using the repetitive ischemia
model with in vivo NMR to measure metabolite content. We are expanding these studies to
assess the issue of selective vulnerability by correlating the regional time course of lactate
elevations (5 minute time resolution) with post mortem histologic evaluation. These studies will
be carried out over the next year and willprovide a link between the metabolic alterations seen
in this model and cellular damage.



II PROGRESS

The first two phases of our work, evaluation of the serial changes in PCr, ATP, pH, P, and
lactate during the repetitive ischemia and the characterization of substrate utilization and lactate
clearance have been completed. The work has been reported in three abstracts (1-3) and is
described in two manuscripts (4,5) which are being submitted for publication in the Journal of
Cerebral Blood Flow and Metabolism (see attached copies). The results of this work is presented
in the following sections.

A. Time Course of Metabolite Changes during Repetitive [schemia

1.Introduction: The goal of this work was to evaluate the temporal progression of the
metabolic and functional changes accompanying repetitive brief cerebral ischemic episodes. To
evaluate the time course of the metabolic changes serial interleaved 'H and 31P NMR spectra
were collected while rats were subjected to 30 one minute episodes of cerebral ischemia and
reflow followed by thirty minutes of continuous reflow. To evaluate the effect of the repeated
ischemic episodes on brain function, fast and slow components of the EEG were monitored
throughout the ischemic and reflow periods. The severity of the ischemia was modulated by
altering the ischemic duration during the one minute period.

2.Methods: Male Sprague Dawley rats (200-240gm) were anesthetized with 70% N20,
29% 02, and 1% Halothane, paralyzed with tubocurarine chloride and mechanically ventilated.
The external carotid and both subclavian arteries were ligated. The right common carotid artery
was bi-directionally cannulated for monitoring the carotid stump pressure (reflecting the cerebral
perfusion pressure at the Circle of Willis) and for measurement of systemic pressure (figure 1).
Rectal temperature was monitored throughout the experiment and maintained at 37"C by use
of feedback regulated heating chamber surrounding the animal. Ischemia was induced by an
inflatable occlusive cuff placed about the left common carotid artery. Inflation and deflation of the
cuff was controlled by a hydraulic system linked to a IBM AT computer. EEG activity was
monitored by placement of two silver wire electrodes. The resultant signal was analog filtered to
obtain fast (7-20Hz) and slow (2-5Hz) components and digitized every half second throughout
the experiment.

Each experiment consisted of: I) an initial period of 10 minutes for control
measurements; 2) followed by 30 minutes of 30 episodes of brief cerebral ischemia and reflow;
3) concluding with 30 minutes of continuous reflow. The severity of the ischemia was modulated
by altering the durations of the ischemic and non-ischemic durations during the one minute
interval. Four protocol were utilized in 20 studies: 101:50R, 10 seconds of ischemria followed by
50 seconds of reflow (n=6), 201:40R (n=6), 301:30R (n=4) and 401:20R (n=4).

NMR data was collected using a 4.7T 40cm bore Bruker Biospec system using a two coil
IH/ 31P detector. An elliptical 31p surface coil (8xl2mm) was placed directly upon the exposed
skull. The 'H coil, was placed immediately above the 31P coil and consisted of two 10mm circular
loops connected in a butterfly configuration. The butterfly configuration minimizes coupling
between the coils. To minimize the acquired lipid signal, the scalp was removed and the
temporal muscles retracted. 'H and 31p spectra were acquired simultaneously by interleaving 'H
and 31 P acquisitions on a scan by scan basis. The data was acquired in one minute bins, (60
scans at a I second repetition time for both nuclei). 31p spectra were summed in a moving
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average of four adjacent one minute measurements to improve the S/N. Resonance areas were
determined by peak integration. 'H resonance areas were converted to millimolar values using
a 1 1mM value for cerebral creatine as an internal standard, and corrected for NMR measurement
parameters.

3. Results:

i. Ischemia Model: The computer controlled occluder system provided a highly
reproducible ischemic insult with minimal occlusion to occlusion variations in the carotid stump
pressure during each subsequent ischemic episode. Typical systemic and carotid stump
pressures during the 4 ischemic protocols are displayed in figure 2. The carotid stump pressure
during the ischemic period was typically 7-10rmM with variations of approximately 1-2mM seen
for a given animal.

ii. EEG Activity:. Both the slow and fast components were seen to decline during the
ischemic interval of each ischemia/reflow episode in the 201:40R, 301:30R and 401;20R animals
(figure 3). Minimal changes were seen in the 10I:50R animals, most likely due to the shortness
of the interval and the finite time required for cuff inflation and consumption of brain oxygen
stores. To facilitate the analysis of long term trends, the EEG data was averaged over the one
minute ischemia/reflow episode and for all animals in each group (figure 4). In the 10I:50R
animals the average fast activity was unchanged and a mild increase in slow activity was seen.
Fast and slow activity was seen to decline in the 201:40R, 301:30R, and 401:20R protocols
achieving an average decline of greater than 80% in fast activity in the 401:20R protocol. The
201:40R animals showed an initial rapid decline in EEG until reaching an apparent steady state
at approximately 60% of control period fast activity. Slow activity in thes -- animals was also found
to decline but a mild recovery was subsequently seen. In the 301:30R and 40L:20R animals, the
decline ir. average EEG activity was found to be progressive with the depth of the depression in
each period increasing with each successive ischemic episode. This trend continued until the
EEG was virtually gone in the 401:20R animals. Upon reflow all groups showed a recovery of fast
and slow activity reaching levels near or above control values by the end of thirty minute reflow
period.

Therefore, the 10I:50R protocol appears to establish a threshold for ischemic duration in
this model below which significant changes in fast EEG activity do not occur. This minimum
interval most likely reflects the amount of time required to establish the ischemia (several
seconds for balloon inflation) and deplete brain oxygen stores (6). The 201:40R animals establish
an apparent steady state of decreased EEG, such that the effects of each ischemic episode on
EEG are balanced by each reflow period. In contrast, the 301:30R and 401:20R animals show an
incremental decline throughout the thirty episodes of ischemia in EEG activity reflecting the
inability of the brain to compensate for the cumulative effects of each new ischemic period.
Specifically, the amount of fast EEG activity during each reflow period was found to decline. Thus
the 301:30R animals set a lower threshold for a slow progressive decline in EEG activity.

iii. ATP, PCr and Pi: Displayed in figure 5 are representative 31p spectra from a 401:20R
animal: during control, at the conclusion of the thirty episodes of ischemia and after thirty
minutes of reflow. Similar to the EEG, the 10:50 ischemic protocol also did not result in a
significant decrease in PCR when the 31P data was averaged over 4 consecutive ischemialreflow
episodes (figure 6). However significant declines in PCR content relative to the control period
were observed in the other groups. As expected the longer ischemic intervals resulted in greater
decline in PCr, with tOlw 401:20R protocol resulting in a 75% decrease in PCr. The PCr time
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course data is qualitatively similar to that of the EEG. The 201:40R animals showed a rapid
decline followed by a plateau region (75% of control) whereas the 301:30R and 401:20R animals
showed rapid decreases followed by slow progressive declines. All animals showed near
complete PCr recovery at the end of the thirty minutes of continuous reflow.

Significant changes in average ATP were visualized only in the 401:20R animals. This is
consistent with a model where ATP is preserved at the expense of PCr. Therefore the 50%
average decrease in PCr seen in the 301:30R animals does not appear to be sufficient to induce
a significant change in the average ATP content, despite substantial changes in the EEG. This
effect may reflect a strong link between PCr and EEG activity or possibly reflect the averaging
nature of the acquisition. Specifically, short term reductions in ATP during each ischemic interval
may occur which might not appear as significant decreases in the 4 minute ischemia/r.flow
average data.

Cerebral P, levels are reported as a fraction of the pre ischemia PCr content. Similar to
that seen in the ATP data a significant increase in Pi content is visualized only in the 401:20R
animals, where substantial ATP hydrolysis augments the PCr dephosphorylation. However, the
change in the 401:20R group is substantial, displaying an increase of greater than 3 fold.

iv. Lactate and pH: Displayed in figure 7 are one minuie spectra acquired during the
control, at the conclusion of ischemia and at the conclusion of reflow in a 401:20R animal. The
resonance at 1.33 ppm has contributions from extracerebral lipids, lactate, threonine and alanine
and lactate. To minimize the effects of these contaminants, the lactate data is reported as a
difference in the 1.33 ppm resonance area from the average control value. Since contributions
from extracerebral lipids should not be changing during the experiment and changes in lactate
in millimolar quantities should dominate the changes in alanine and threonine, the difference data
should provide a good estimate of the lactate accumulation induced by the ischemia. Displayed
in figure 8 are average time courses of the lactate changes for the four groups of animals. In this
study lactate proved to be the most sensitive indicator of ischemia, showing significant elevations
in all four groups, Similar to the changes in EEG, lactate levels in the 201:40R group showed a
rapid increase to a plateau level. The plateau level resulting from a complete balance between
clearance and generation rates. Lactate changes in 301:30R and 401:20R groups again were
qualitatively similar to the EEG changes showing rapid initial elevations followed by slow
progressive increase. Despite the large changes in lactate observed in 401:20R animals,
approximately 18mM , lactate clearance during the subsequent reflow period was complete, with
all animals returning to near control levels.

The time course of pH changes were qualitatively similar to that seen in the lactate data.
The observed pH changes ranged from initial levels of 7.15 in the control period to 7.1 at the
conclusion of the ischemic episodes in the 10I:50R group to 7.0, 6.8 and 6.6 in the 201:40R,
301:30R and 401:20R animals respectively. Again all animals showed complete recovery to control
values during the reflow period. Correlation of the pH and lactate data revealed a general trend
towards decreasing pH with increasing lactate. However, the data was found to segregate
according to duration of ischemia with decreased pH being associated with increased ischemic
duration despite identical lactate levels.

vi. EEG - Metabolic Correlations: Significant changes in lactate, pH and PCr content were
found in all animals that approximately paralleled the decreases in EEG activity. To evaluate the
relationship between these metabolic (lactate,pH and PCr) and functional variables (fast and slow
components of the EEG), EEG was plotted as a function of lactate, pH and PCr (figure 9).



Although all three variables showed strong with trends with fast activity, the relationship between
lactate activity was different depending on the ischemic group viewed. Specifically, greater
declines in fast activity were observed for the same increase in lactate in the longer duration
ischemias. Excellent correlations were seen between the pH and PCr levels in the 201:40R,
301:30R and 401:20R animals.

4. Summary: We have demonstrated that brief repetitive iSchemias can produce
progressive highly reproducible declines in PCr, pH and increases in lactate. The severity of
these changes is easily modulated by altering the ratio of the ischemic to reflow period during
each episode. EEG was also shown to decline in this model and be most strongly correlated with
changes in PCr and pH. Lactate changes were found to parallel the changes in EEG, however
the level of lactate accumulation was found to vary substantially for the same decrease in EEG.
Specifically, larger declines in average EEG were seen at equivalent lactate levels for animals
subjected to longer ischemic periods. The PCr and EEG data are consistent with a model
whereby the amount of fast activity is directly proportional to the availability of PCr. The strong
relationship between pH and EEG is most likely influenced by the creatine kinase equilibrium,
and therefore at least partially reflects the availability of PCr. Finally, the ischemia appears to be
fully reversible, since all metabolic and functional correlates returned to control levels. This
complete metabolic recovery may permit each animal to serve as its own control in determining
the metabolic effect of different therapeutic interventions. However, histologic evaluations were
not performed on these animals, such that the presence of cellular damage can not be excluded
in the more severe protocols. Studies investigating differences in regional metabolic sensitivity
and histologic correlations are currently underway.

B. Substrate Utilization and Lactate Clearance Rates

1. Introduction: Previously at relatively low time resolution (1 minute) we have
demonstrated that lactate production during 30 consecutive periods of reflow and ischemia
follows an approximately exponential increase to a plateau level (section A). To evaluate the
determinants of lactate production that give rise to this accumulation profile, we have made rapid
serial measurements of lactate (5 or 10 second time resolution) by in vivo 'H NMR spectroscopy.
We have used these measurements to 1) quantitate the ischemic production and clearance rates
and 2) use these measured values to model lactate accumulation during thirty sequential periods
of ischemia and reflow.

2. Methods: Seven male Sprague Dawley rats (200-240gm) were prepared surgically as
described in section II.A.2.A brief (60 second ) sustained occlusion followed by 15 minutes of
reflow was used to measure the rate of lactate production during ischemia. The repetitive
ischemia protocol consisted of 30 consecutive 30 second (nominal duration) ischemia and 30
second reflow periods followed by 30 minutes of continuous reflow. The one minute occlusion
protocol was carried out before the repetitive ischemic protocol.

NMR data was collected using a 4.7T 40cm bore Bruker Biospec system using a single tuned
8xl2mm elliptical 'H surface coil placed directly on the skull. To minimize the acquired lipid
signal, the scalp was removed and the temporal muscles retracted. During the sixty second
sustained ischemic periods, spectra were acquired with 5 second time resolution (TR = 1250
msec, 4 averages). During the repetitive ischemia protocol and the first ten minutes of
continuous reflow, spectra were acquired with 10 second time resolution (TR= 1250 msec, 8



aerages). During the final 20 minutes of reflow, spectra were acquired every 30 sec (TR= 1250,
24 scans). Resonance areas were determined by peak integration. Resonance areas were
converted to millimolar values using a 1 lmM value for cortical creatine, and NMR determined
values.

Lactate accumulation during the repetitive ischemia period was modeled as the balance
between lactate production at a constant rate (dllactatelldt = kp) and a first order clearance
process (dllactatelldt = -kllactatel). The value of kp for each animal was determined from a one
minute continuous occlusion before the repetitive ischemia protocol. The value of k, was
determined from the reflow period following thirty cycles of the repetitive ischemia protocol. The
exact duration of the ischemic period in each animal was determined from the carotid pressure
recordings. Due to the small residual flow experienced during the ischemic period 12m1 -100g
I'rmin"1 lactate clearance was assumed to occur continuously throughout the ischemic and reflow
intervals. The calculated values for ko and k, along with the ischemia duration for each animal
were then used to predict the time course of lactate accumulation during the repetitive ischemia
protocol.

3. Results:

i. Lactate Clearance Kinetics: The rate of lactate clearance was determined in each animal
using the equation

I lactatel(t) = I lactateloexp(-kpt)
where [ lactate]o is the lactate present at the beginning of the thirty minute reflow period and t
is the time in minutes, and k. is in units of mim71 . The lactate level is reported as a difference
from the control period to minimize the effect of resonance overlap with other metabolites and
lipids. Displayed in figure 10 is an example of the lactate clearance along with the fitted
exponential. The measured clearance rates are reported in table 1 along with the mean and
standard deviations (0.143±0.032 mMnminf1) for all seven animals. This value is in good
agreement with the lactate transport rate of 0.150 umole .g"1 mrai' reported by Drewes and
Gilboe in the perfused dog brain (7).

ii. Lactate Generation Kinetics: The lactate production rate was determined from a one
minute continuous occlusion in each animal prior to the repetitive ischemia protocol. Typical 5
second lactate spectra are displayed in figure 1 la. The lactate difference data was fit using a
linear production rate and a correction for lactate clearance

I lactatel(t) = kPt - k.tlactatel

where kp the production rate in mM min7'. The value of k, used was determined as previously
described. A typical data set is displayed in figure lIb. Calculated values for k, for all seven
animals are listed in table 1. The values reported here (4.63±0.73m -mirf) are somewhat lower
than those reported by Nilsson(8), 7.0 umoles "gm nmin-'. This may reflect differences in the
glycolytic rate arising from anesthesia and or the small residual flow experienced in the repetitive
ischemic model (typical CSP = 7-10mm Hg, figure 12).

iii. Determination of Ischemic Duration: Due to the finite time for inflation and deflation of
the occlusive cuff, the actual ischemic periods were found to be shorter than 30 seconds and
vary slightly from animal to animal. Additionally, substantial lactate generation or anaerobic
glycolysis willonly occur after brain oxygen stores have been depleted. Lowry (6) has reported

I 

I



that lactate generation begins after a 3 second time delay in animals subjected to complete
global ischemia. To account for the time delay in inflating the occluder and the subsequent delay
to consume brain oxygen stores, the duration of the ischemic period was defined as the time
during which the carotid pressure was within 1mm of the ischemic minimum value (figure 12)
less three seconds. This correction shortened the mean ischemic duration tc 21 ±1 sec and the
individual times for each animal are reported in table 1.

iv. Lactate Accumulation during Repetitive Ischemia: The time course of lactate
accumulation during the 30 consecutive ischemia/reflow periods was modeled using the rate
constants, kP and kc and the ischemic duration calculated from the carotid pressure
measurements. The incremental change in lactate during each ischemic and reflow period was
calculated using the lactate generation rate (ki) corrected for the duration of the ischemic period

(ti,0n6O) minus clearance during the entire interval (kjilactatel).
I lactateu - kp(t•,•SJ60)-kcl lactatel

To evaluate the accuracy of the calculated time courses, the observed data, calculated
data and calculated data assuming 15% errors in the production rate constants are displayed
for all seven animals in figure 14. All animals showed excellent agreement, with nearly all
measured values lying within the 15% error bounds. Assuming error bounds of 15% in the
clearance rate provides similar limits and they are not shown for sake of clarity.

The high sensitivity of the shape and absolute level of lactate accumulation to clearance
rate, production rate and ischemic duration and the agreement of the model and observed data
suggest that both the model used and the rates measured are highly accurate, (within 15%). The
assumption that lactate clearance occurs throughout the "ischemic" period in this model is also
supported, since a 33 % decrease in reflow time would cause large changes, in the total amount
of lactate produced.

4. Summary: We have demonstrated that the accumulation of lactate during a brief
repetitive ischemia protocol can be accurately modeled (<15% error) using rate constants
determined on an individual animal basis. Thus the simple model of lactate production at a
constant rate during each ischemic period, ind washout throughout the reflow and ischemic
period provides an excellent model for predicting the amount of lactate accumulated during the
protocol. The observed lactate production during each ischemic period appears to occur at the
same rate as during a continuous one minute ischemic episode and these rates are consistent
with the maximum glycolytic rates observed by Nilsson (8) in a model of complete global
ischemia. Thus, lactate production in this repetitive ischemia model does not appear to be limited
by glucose or other substrate availability. This indicates that glucose replenishment during the
reflow period is sufficient to support the elevated level of anaerobic activity. This is in contrast
to continuous global ischemia models where the amount of lactate produced is dependent on
the brain glucose and glyco•ecn stores immediately prior to the induction of ischemia. Thus
glucose availability is unlikely to be a major factor in determining the extent of ischemic damage
in this model. However, if lactate accumulations are deleterious, via pH and or osmotic changes,
then interventions to alter the efficiency of the monocarboxylic acid transporter may provide a
mechanism for tissue preservation. The correlation of lactate accumulation and histologically
visualized damage forms the next area of our research.
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Ill. PLANS

A. Regional Measurements of Lactate: As described, our previous studies have focused
on the issues of metabolite and functional alterations during the ischemic protocols from the
entire brain. However, they have not addressed the issue of focal tissue damage and selective
vulnerability. To pursue this question we have implemented a 'H spectroscopic imaging
sequence to evaluate the regional time course of 1.,.ctate elevation. This method permits us to
acquire data from 256 individual spatial locations (approximately one half within the brain)
simultaneously during a five minute measurement. The volume elements investigated here are
approximately lxlx4mm. This method willbe used to assess the regional time courses of lactate
elevation in 201;40R, 301:30R and 401:20R protocols. The lactate time course will be followed
throughout the repetitive ischemias and three hours of reflow. A three hour reflow time is chosen
here so as to facilitate the histologic evaluation of the damage. One limitation to this method is
the large amount of data acquired during such an experiment, typically several thousand brain
spectra per animal (100 spectra per time point x 15-20 time points). We are now evaluating the
most efficient way of analyzing the large volume of data that are acquired in these studies.

B. Histologic Evaluation of Damage: As described the spectroscopic imaging method will
provide a profile of regional lactate elevation. However, this does not address the question of the
association of tissue damage and lactate elevation. Therefore we have implemented a
quantitative method for evaluating damage. Rat brains are perfusion fixed and sectioned serially
using an Oxford Vibratome at 400 microns. Optical densities are recorded using an optical
scanner. Increased optical density compared to control levels has been found to correlate with
pathological changes. Data from approximately 50 coronal sections are then used to reconstruct
absorbance profiles of the brain and the tissue sections are further processed to evaluate
neuronal damage in one micron plastic sections (9,10). Data from the histologic evaluations are
then overlaid with the lactate maps to assess the degree to which 1) areas of maximum lactate
production correlate with damage and 2) the presence of selective vulnerability.
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V. FIGURE LEGENDS

Figure 1.
Block diagram of the components of the occlusion system. The computer monitors the

carotid stump pressure (CSP) and systemic blood pressure (SBP) via the left common carotid
artery. The ischemia is induced by inflating the cuff placed about the right common carotid
artery. Adequate pressure within the cuff is maintained by the pump and regulated through the
output of, ' transducer.

Figure 2.
Systemic blood pressure (SBP) and carotid stump pressure (CSP) as a function of time

for a 401:20R animal. Insets and plots to the right display the time course of 4 ischemic episodes
of CSP and SBP for the four ischemic protocols.

Figure 3.
Fast (7-20Hz) and slow (2-5Hz) components of the EEG as a function of time during the

ischemic protocol. The values are reported as a fraction of the amplitude prior to induction of
ischemia. The response to the first four ischemic periods for the four protocols are shown in the
insets and to the right.

Figure 4.
Fast and slow EEG activity averaged over all animals in each protocol. Error bars indicate

standard error of the mean (SEM). EEG activity is averaged over the one minute periods of
ischemia and reflow and reported as a fraction of the amplitude during the control period.

Figure 5.
31 P spectra acquired before, at the conclusion of thirty cycles of 401:20R ischemia and

after thirty minutes of reflow. The observed resonances are P, (2-3ppm), PCr -2 ppm, ATP -
4.hppm, -9.5 ppm and -18.5 ppm.

Figure 6.
Average PCr, ATP and Pi as a per cent of control level as a function of time during the

ischemia. Error bars indicated SEM. P, is plotted as a percent of the control PCr level.

Figure 7.
'H spectra acquired before, at the conclusion of thirty cycles of 401:20R ischemia and

after thirty minutes of reflow. The observed resonances are: lactate 1 .33 ppm; N-acetyl aspartate
2.02 ppm; glutamate, glutamine, aspartate and N-acetyl aspartate (2.1-2.8 ppm); creatine +
phosphocreatine 3.03 ppm and choline 3.18 ppm..

Figure 8.
Lactate and pH as a function of time during the ischemic period. The values represent

an average for each ischemic group. The observed pH is plotted as a function of lactate in the
third panel.

Figure 9.
Correlations between fast and slow EEG activity as a function of lactate, pH and PCr. The

correlation coefficients are listed on each plot.

I



Lepresenrat iv lie course of lactate clearance. The observed valuis (filled circles) for
l'tre (1)IV1TAI .A(iYI'\'[ I ) lie plo•tted as a function of time after the begi miining of i.fschemia. Thirty
11 i lint t('s coiresponds tk) the I einning of tile continuous reflow period. The lactate levels are
ri iorTnd as tlho di ff'crence in a:reais of the l.33ppm resonance from that observed in the control
period. 'f'ic first ci_'lit minutes of the clearance data were acquired with 10 second time
rezohlntion. The gap in the data fromn 38 to 41 minutes is the amount of time required for saving
the NM lN•dalta. Measurements after this point in tim ;L. acquired with 30 second time resolution.
'II he fiut':d exponential clearance curve is nid icatedl by thle solid line. '[le clearance rate .,: was
determI:ned using a simplex algorithmn and minimizing the squares of the differences of the
oh•;erve( a 11d calculated data.

Figure 11!

,) Lactate spectra acquired with five second time resolution, during the control period (first
three spectra) and during the first minute of a continuous ischemia. The starting time of ,the
spectrumn relative to the beginning of the ischernia is noted on the vertical axis in seconds. The
observed resonances are: lactate 1.33 ppm; N-acetyl aspartate 2.02 ppm; glutamate, glutamine,
aspartate and N-acetyl aspartate (2.1-2.8 ppm); creatine + phosphocreatine 3.03 ppm and
choline 3.18 ppm.

b) Lactate accumulation time course with the observed values (filled circles) for lactate
(DELTA LACTATE)as a function of time after ischemia in minutes. The modeled values for
lactate accumulation including the clearance term is denoted by the line. The generation rate,
kP, was determined using a simplex algorithm and minimizing the squares of the differences
between the observed and calculated data.

Figure 12
The CSP from all thirty occlusions from a typical animal were overlaid as a function of

their time during the individual ischemic episode. The fall in CSP was modeled as an exponential,
whereas the rise in CSP accompanying the release of the occluder was modeled as a linear
process. The duration of the occlusion was calculated as the difference between the two fits at
a point ImmlIg above the minimum CSP. The minimum CSP was determined from the
exponential fit.

Figure 13
The relationship bet ieen cerebral blood flow (CBF) and CSP for eight rats. The data is

obtained from eight rats implanted with cortical H2 electrodes. The CBF was determined by H2
clearance within 5 to 10 minutes after reduction of the CSP to the specified level. The CSP was
maintained at that level by servo controlled compression of the right carotid artery with a balloon
occluder.

Figure 14
The observed (solid circles) and calculated lactate data (solid and dashed lines) from the

seven experimental animals. The lactate level (Delta Lactate) in mM is plotted as a function of
time in minutes after the beginning of the repetitive ischemia protocol. The continuous reflow
period was initiated at thirty minutes after beginning the repetitive ischemic protocol. The solid

.':•L• ".•-', .~ m•a: • . ,. ,.... . . . -- -. .. . - -z -



line indicates the calculated lactate time course using the experimentally determined values of
kP and k. The calculated time courses assuming a +±15% error in the production rate ko are
indicated by the dashed lines.
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VI TABLES and FIGURES

TABLE 1

Expt # kc Itp tsch

1 0.119 5.71 20.2
2 0.113 3.72 22.2
3 0.103 4.88 21.0
4 0.181 4.44 22.7
5 0.134 5.27 20.7
6 0.179 4.59 19.8
7 0.158 3.82 21.0

Mean±std 0.141 ±.032 4.63±0.73 21.1+1.0
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Simulating Lactate Accumulation During Repeated Brief Cerebral Ischemia
a* 4

K.A. CongerI, H.P. Hetherington2 , M.J. Tan1. K.L Luol. G.M. Prohost2 and J.H. Halsey1

Department of NeurologyI and Ctr. for NMR Imaging Research and Development
University of Alabama at Birmingham. AL. 35294

Introduction: The experimental results were then simulated for the
Pilots of high perlormance aircraft are subject to transient thirty cycles of occlusion-reperfusion by generating
loss of consciousness due to sudden high gravitational lactate linearly during each occlusion and decreasing
stress. This is due to cerebral ischemia resulting from lactate exponentially during each reperfusion period.
failure of blood delivery to the brain due to the severe Results:
gravyational stress. We have developed an animal model COMPARIONOFSIULTD& MEASUREDLACTATE C~4,ESGENERATED DURING 30 OCXC4US1N0"EPIEWUII CYCLES

whereby the problem of multiple Gz-induced blackouts can 2 so
be Investigated. The ob~ective was to determine I the time -
course of lactate accumulation could be predicted from -2o 4

measurements of glycolylic rate made prior to the multiple La
occlusion period and measurements of terminal washout I

rates. 'o 2D

Methods:
A) Exeterlmental: Six rats were anesthetized with 70% 0 ,0

N20, 29% 02. and 1% Halothane. The rats were - ,
paralyzed with tubocuranne chloride and mechanically -0o 0 o0 2 -0 so
ventilated. Rats were prepared by ligation of both TIME (mnums)
subclavian and external carotid arteries. The right carotid
was cannulated distally for monitoring of carotid stump Figure 2. The illustration combiines experimentaly measured
pressure (reflecting cerebral perfusion pressure at the values of the carotid slump pressure (CSP) and delta lactate
Circle of Willis). Systemic arterial pressure. rectal and plotted as boxes. The simulation of lactate change is given by the
mouth temperatures were monitored and mouth solid line. The dashed lines represent simulations reflecting ±
temperature was controlled at 370 C. An occlusive cuff was SEM for the exponential fit to the washout data.
placed around the remaining left carotid (fig. 1). Prior to and The exponential rate constants fgr washout of lactate
following the multi-occlusion experiment rates of lactate ranged from .089 to .193 min' whereas ischemic
generation were determined during one minute test lactate production rates ranged from 4.0 to 7.2
occlusions. Plasma glucose. hematocrit and arterial blood mM/min, with lower rates corresponding to higher
gases were determined nmmediately prior to the first oerfusion oressures dunno occlusion.
episode of ische•ia. Thirty 30 second episodes of global
brain ischemia were made by temporary inflation of the R7
carotid balloon while 1 H spectra were acquired at 10
second intervals, 8 acquisitions using a semi-selective spin
echo sequence. TE-136ms, TRA-.25s, with a 4.7T Bruker
Biospec system. Each occlusive period was followed by 30
seconds of reflow.

TEMPERATURE

~~ ISCHMtA

Sap Figure 3. Selected, 8 acqusitin (lOwec) INH pectra cofltaied
AOI1C during: the control period, at 5 minute intelrval during fOftenia

,and after 8 minutes of reflow. The labeled resonancs are Cr.

U [total creatine. NAA N-acetylaspartate and LAC lactate.
Conclusions:

Fligure 1. Block diagram of the components in the automatic We believe that the occlusive model functions as
occuoer system. The computer monilors carotid, systemic blood follows: With each occlusion lactate is generated linearly at
and oc:luder system pressures. Computer monitonng and control the maximum catalytic rate of the glycolytic pathway.
of mout and rectal temperatures was also implemented. Glucose is not exhausted during the short occlusive

B) Simulation: The simulation is designed to describe process. and is subsequently replenished in the short
the principal components that contribute to determine the reperfusion periods following occlusion therefore, absolute
shape of lactate accumulation curves found experimentally glucose brain or plasma levels do not affect lactate levels.
in our multi-occlusion model. The simulation is based Lactate concentrations reach plateau levels because
entirely on experimentally determined values, therefore. no lactate clearance increases exponentially until the
filing Darameters are applied in the simulation. Prior to the clearance rate matches lactate generation rates. It has
multi-occlusion experiment depicted in figure 2 (results), been suggested (1) that the carrier mediated transport of
the animal was subjected to a one minute occlusion. A lactate may be the limiting factor irsponsible for the
least squares inear fit to the measured change in lactate observed rapid build-up of lactate during hypoxemia and
gave us an estimated 4.58 + 0.26 rmM/mrin rate for lactate the slow -emoval of lactate in post-hypoxemlc recovery (2).
generation during isctemia. To obtain a best estimate of References:
lactate clearance rates, we fit a monoexponential to the i. Pardndge W..: J Neurochem 28:5-12, 1977
lactate washout curve following the nultiple occlusions. 2. Drewes LR..: J Blot Chem 2482489-2496,1973.
The rate of lactate loss could be defined as follows: Acknowledment:
Lact•ae Loss rate (mMfmin) . .0.0878&min X Lactate(mM) This work was supported in part by AFSOR-90-0269

and the Bemhard-Foundation
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o[4... -..wr.ti..,'td I-,t t.Ar Pilots of high performance aircraft are subject to transient 10.

toss of consciousness due to sudden high gravitational stress. __ 420
TOPIC CATEGORIES This is due to cerebral ischemia resulting from failure of blood a) ( 3
AUTHORS SHOULD FILL IN BOT14 A delivery to the brain clue to the severe gravitational stress. We 2
LETTER AND A NUMERICAL CATE- have investigated the problem of Gz-induced blackout in anA
GORY. IF APPROPRtATE animal model in which controlled brief global cerebral ischemnia "

IMAGING is produiced repeatedly at short intervals. The objective was to_
SUBCATEGORY rj determine if this results in cumulative impairment of brain

(M. "tE 0hum,1.. metabolism and electrical function. Our initial hypothesis was -3 .
It. 01.10r,41 that accumulation of lactate might be an important element in TIME (nmsireuv)

1 Ncw S mS 14.w ~,*sI Sthtis process.

I ~ f~wIj~.,) hohds Figuare 2. The figure depicts the time cours of EEOG change and
Animal Model: Rats were anesthetized with 70%. N20, 291 carotId pressure. It Is noteworthy that the time course of EEG change

02.~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~n anprHeshnsprlze n ehaial etiae. :~ ure change Is not in phase. We hawe set up database02. nd % Haothne, arayzedandmechniclly entlate. etraciontechnIquest which permit automatic calculation of EEG14 P .I..t.... Rats were prepared by ligation of both subclarvian and external ad"~t during any fractional part of the pressure cycle. F1ur 3
SVV.W carotid arteries. The right carotid was cannulated distally for below flsrat the vaue obtained by aveiraging the wh olOne
III~.rtswtw~~s~-ltsdymonitoring of carotid stump pressure (reflecting cerebral minute cycle for EEG activity.

I Nw.pWtr d perfuslon pressure at the Circle of Willis). Systemic arterial
Ii~wbwIN-.'w4.wqs pressure, rectal and mouth temperatures were monitored and 25

Smouth temperature was controlled at 370C. An occlusive cull E 20

SPCRSOYwas placed around the remaining left carotid (flg.1). Thirty 7 1
3UBCATEGORY 10 ischemnia:reflow cycles of global brain ischemia were made by 10~

(. Ctnt-A Arplieitkwiii teprr inflation of the carotid balloon. :
.I.-T.If~~ D~ty.c. TEMPERATURE5

N~n~s Sfrn -~t,~r ____________________________0

;uIBMTARTEMIS a o

V =L --20

Figure 1. Block diagram ot the componlentls In the automatic occituder 100
I N-xo' ~ systemn. The computer monitors carotid, systemic blood and occluder

t~ rosystem pressures. Computer monitortng and control of mouth and C> 8

Srectal temperatures was also Imptemented. 406

(~.ur4 ,r~,r,,,.f'.~r~Simultaneous measurements of lactate, hiheneg c 20

2 phosphates and EEG- we used a two coil design (one fo 01PC.:
Sand one for It H) to maximize sensit ivity in both nuclei. The 3 1 p 20 2 0s~it coill is elliptical and placed directly against the skull, the It H coil

tl.~4rsis a figure 8 coil (larger in size but due to its geometry, samples TIME (minutes)
S~rir14Jl..,4n~, proia tl the saevlm se~p coil) just above the31ppoxiil.el thisdata a olong w as the 1Hdt saqie nFigure 3. The Illstration depicts the t1me course of lecltate. PGr and

NBSTACTDEALIN. I co. Tis ataa" wth he H dta s aquied n I EEG act ivity using a tour minute running average for PC~r
,.,,tuS.r A~l 5. ~minute blocks allowing moving 4 minute averages to be used measurements and a one minute aveage for lactate and EEG

stt~r~I~~l.,,.,t~tuom .1...ot ... for the 31P data. 3 1p and t
IH data acquisitions are acquired measurements. Plotting symbols represent mean values of five

. t. 1111N.. IrjriH-r simultaneously throughout the 1 minute block by interleaving a experimen ts k SEMd tor each conditon (20 total experimental, open~ t ,.it~~rt t ... rtr~ 
3 1p, and a H scan every halt a second with a 4.7T Bruker circles represent means of 10:50 cycles, filled cklesf of 20:40 cycles.

MAIL. 0, Biospec system. EEG is acquired continuously throughout this empty squares 30:30 cycles and the filled trangles a 40:20 cycle of
%r61"tlti period and quantitated by passing the signal through a hig Ischemlawreftow.
T-4111., AI.Wor pass filter 7 to 20 Hz and digitizing the output every 0.5

CA11 44714tt UA~,.,,,5.r.( seconds (see figure 2, Results). Conclusions:

-41-t0-06 a~lnX aAllwilroq from lo~~irow Both EEG and Awaitsl changes Show alrnost identical kinetics
%'% .t.ot ,imo .'.rm afittex R.ehults o collapse (accmuNw~ao) aind recovery (washc.A

.ol.I.d Atre"It by Vopn.". A typical pressure and EEG sample from a 30.30 Tenlatrvely one might conclude tha lactate levels (or the
I,-;-. Ii. ... 1..imf 44...,I itim. -... .. I.. ,.~..... ischerniasreflow experiment is given in figure 2. The results of resulting pH changes) may affect EEG levels In the ab~sence of

k".ir .. I't., dil. wNc., rI 20 full experimrents are summarized in Figure 3 where a significant enrwgy loss. However, care mudi be taken hin this
Ka.-i eCol marked quantitative Similarity between the patterns of rinterpiretatlon as lactate generation and EEG lose happe at

accumulation o1 tactale and the time course of EEG loss in the equivalen times and (le. during the tractional ooccluion Prod)
skkn. Dir 1 ,er4meiii f J iflt 10:50, 20:40 and 30:30 cycle experiments is demonstrated. and ithu may skepl reflect fth measurement of aconun

IJA SUW The shape of the lactate accumulation curve is not mimicad as phenomena.
Swn %-4 I 35St4  welt in the 40:20 cycle group were an early rapid decline in Acknowlsnmenit:his work was su~pported in Part by AFSOBR-

.0.1,' tE~.EEG coincides more closely with early P~r changes (figure 3). 90-0269 and thes Bernhard Foundation.

ass- 134 '13&.1
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Read i .f.t.i.s. Pilots of high performance aircraft are subject to transient loss of consciousness
tmust be due to cerebral ischemia resulting from sudden high gravitational stress. To assess

the effects of Gz-induced blackout on cerebral metabolism and electrical function we
received by Friday, May 7, 1993. developed an animal model in which global cerebral ischemia is produced repeatedly

at short intervals. Rats were prepared by ligation of both subclavian and external
carotid arteries and the right carotid artery was cannulated bidirectionally to measure

Hoby P. Hethierington Circle of Willis and systemic pressures. Ischemia was induced by inflation of an
occluder about the left carotid artery. Interleaved 3 1P and IH were acquired on a

ledicine/CNIR 4.7T Biospec system simultaneously with EEG recordings. We report results from 20
Univ. of Ala. at Birmingham experiments of 30 minute duration in which rats were subject to 30 one minute

ischemia:reflow cycles of 10:50, 20.40, 30:30 and 40:20 (numbers are seconds of
828 8th Court South ischemia and reflow respectively). EEG collapse and lactate increase showed nearly

identical kinetics. Loss in EEG activity was observed without significant sustained
Birmingham Al 35294-44 70 energy loss in all but the most severe cycle. In all animn!s the lactate was observed to

us USA reach a plateau during the ischemic period, the amplitude correlating with the
severity of the ischemia, consistent with a model of linear lactate generation and

205-934-9450 934-7367 exponential washout. This model was confirmed in seven additional rats by
measuring the initial rate of lactate generation and washout in I minute test
occlusions. These values were then used to predict lactate evolution in 30 minute
(30:30) ischemia experiments. In five of the seven animals the experimental time
course was simulated adequately (± 10%) from experimentally measured lactate

Conjer, KCarl A generation and clearance rates.
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